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The effect of guanine nucleotides and kirromycin on 
the conformation and stability of the chloroplast elon- 
gation factor Tu  (EF-TUo,,,) from Euglena gracilis has 
been investigated. Free EF-TuChl is quite thermolabile 
but the protein is greatly stabilized by guanine nucle- 
otides. The temperature dependence of the thermal 
inactivation of EF-Tuehl was used to calculate the 
amount  of stabilization energy conferred by the gua- 
nine nucleotides. GDP increases the activation energy 
for the denaturation process by 77 kcal/mol while GTP 
increases the activation energy by 51 kcal/mol. The 
difference in heat stability of free EF-Tuehl and the EF- 
TUohl.GDP complex was used to determine a dissocia- 
tion constant of 1.3 X 10" M at 37 OC. The temperature 
dependence of the dissociation constant allowed the 
calculation of a Web, of -55 kcal/mol and a ASoobd 
of -146 cal/(mol degree) for GDP binding to EF-Tuch1. 
EF-TuChI was found to have a trypsin-sensitive region 
similar to that observed for Escherichia coli EF-Tu. 
This loop region was protected by  GTP  and kirromycin 
but not by GDP. 
Elongation factor Tu  (EF-Tu)' is a member of a large and 
important class of guanine nucleotide-binding proteins which 
play a variety of critical roles in the cell (1, 2). EF-Tu 
participates in the elongation cycle of protein  synthesis by 
promoting the binding of AA-tRNA to the A site of the 
ribosome (3). During its course of action, it interacts with 
many ligands including ribosomes, EF-Ts,  GTP,  GDP,  and 
AA-tRNA, all of which have profound effects on the confor- 
mation of this protein. Chloroplast EF-Tu (EF"hchl) has 
been purified to near homogeneity from Euglena gracilis (4). 
The gene for this  protein has been cloned and  its nucleotide 
sequence determined (5). The probable amino acid sequence 
deduced from the DNA sequence indicates that EF-TuChl 
shares about 70% homology with the Escherichia coli factor. 
Most of the amino acid sequences involved in guanine nucleo- 
tide binding have been conserved and  are  quite homologous 
to those of the E. coli factor as well as to those found in other 
guanine nucleotide-binding proteins (6). However, the chlo- 
roplast factor contains a 10-amino acid insertion on the 
carboxyl side of the GDP-binding site. A similar amino acid 
insertion is observed in  EF-Tu from Thermus  thermophilus 
HI38 (7) and in EF-la from Saccharomyces cereuisiae (8). 
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These additional amino acid sequences may influence the 
structures of the nucleotide-binding sites of these proteins. 
Preliminary analysis indicates that  the apparent dissocia- 
tion constant for the EF-TGhl.GDP complex at 37 "C is 
significantly higher than that predicted for E. coli EF-Tu 
suggesting that  the chloroplast factor binds guanine nucleo- 
tides less tightly than does the prokaryotic factor at this 
temperature (9, 10). EF-TUchl, like the prokaryotic factors, 
binds GTP less strongly than  it binds GDP (9). Binding of 
guanine nucleotides to E. coli EF-Tu  has significant effects 
on the conformation of this protein as indicated by 3H- 
exchange studies, spectroscopic studies, and changes in its 
sensitivity to trypsin cleavage (11, 12). EF-Tkhl also has a 
different conformation in the presence of GTP  than  in  the 
presence of GDP,  as indicated by the observation that  this 
factor will bind AA-tRNA only in the presence of GTP (9). 
EF-TGhl is sensitive to kirromycin, an antibiotic which 
binds this factor and  inhibits the elongation phase of prokar- 
yotic protein synthesis. However, the mechanism by which 
kirromycin inhibits the activity of the chloroplast factor ap- 
pears to be quite different from the mechanism by which it 
inhibits E. coli EF-Tu. Kirromycin increases the affinity of 
EF-TuEhl for GTP but prevents its subsequent interaction 
with AA-tRNA. Kirromycin also increases the affinity of the 
E. coli factor for GTP. However, kirromycin locks E. coli EF- 
Tu  into  a conformation which is very similar to  the confor- 
mation of the GTP-bound factor. The E. coli EF-Tu.kirro- 
mycin  complex  is able to bind AA-tRNA in the presence of 
GDP  and possibly even in the absence of guanine nucleotides 
(13). These observations suggest that there  are differences in 
the allosteric interactions between the antibiotic, guanine 
nucleotide, and AA-tRNA-binding sites in these two factors. 
In  the present work, we have carried out  a more detailed 
investigation of the interaction of EF-Tuchl with guanine 
nucleotides and kirromycin and have shown that these ligands 
have a significant effect  on the structure  and stability of EF- 
TUChl .  
EXPERIMENTAL PROCEDURES 
Materials-Phosphoenolpyruvate, pyruvate kinase, poly(U), Seph- 
arose CL-GB, and Sephadex (2-75 and G-50 were purchased from 
Sigma; Sephacryl S-200 was from Pharmacia LKB Biotechnology 
Inc.; and [3H]GDP was from Du Pont-New England Nuclear. E. coli 
tRNA was obtained from Boehringer Mannheim; GTP  and  GDP were 
from P-L Biochemicals; Scintiverse I and polyethylene glycol 6000 
were from Fisher Chemical Co. 
Preparation and Assay of Nucleotide-free Chloroplast EF-Tu-EF- 
Tshl  was prepared as described previously (4) with the following 
modifications. DEAE-Sephadex A-50  was replaced by DEAE-Seph- 
arose CL-GB in the preparative steps; the samples were adjusted to 
100 PM GDP prior to application to  the second DEAE-Sepharose CL- 
6B column; all buffers contained 10% glycerol, and the samples were 
applied to only one Sephadex (2-75 column. The activity of EF-TQhl 
in poly(U)-directed polymerization of ["Clphenylalanine was deter- 
mined in the presence of saturating amounts of E. coli ribosomes, 
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EF-G, and  EF-Ts  as reported previously (14). The specific activity of 
EF-T&hl in this assay was  between 73,000 and 116,000 units/mg. 
Effect of Guanine  Nucleotides  on  the  Thermal  Inactivation of EF- 
TuChl-EF-Tuchl (0.50-0.72 pg) was incubated for 20 min at 0 'C in 
buffer containing 40 mM NH,Cl, 20 mM HEPES-KOH  (pH 7.6), 0.1 
mM EDTA, 8% glycerol, and 10 mM MgCL either alone or in the 
presence of GDP (0.5 mM) or with GTP (3 mM) and a regenerating 
system (4.3 pg of pyruvate kinase and 9 mM neutralized phospho- 
enolpyruvate). The samples were then incubated at the indicated 
temperatures for 10 min and assayed at  37 "C for EF-Tu activity (14). 
The inactivation of EF-TuChl  as a function of temperature  can be used 
to determine the activation energy required to denature the protein 
as outlined below. The rate constant for the  heat inactivation of EF- 
TuchI ( k )  describes the process 
If we let f equal the fraction of active EF-Tuchl molecules at some 
time ( t ) ,  then 
f = exp(-kt) (1) 
According to the Arrhenius equation, the simplest approximation for 
the temperature dependence of k can be written as: 
k = A exp(-EA/RT) (2) 
where T is the temperature (OK) and A is the frequency factor. 
Substituting for k and defining fT as  the fraction of active EF-TUchl 
moiecules at any temperature (T), we can write the expression: 
fT = exp[-At exp(-E,/Rr)] (3) 
Taking the natural log  of each side of the equation twice, we obtain 
the expression: 
In(-lnfT) = ln(At) - EA/RT (4) 
A plot of In(-lnfT) as a  function of 1/T results  in  a  straight line with 
a slope of -EA/R allowing a direct calculation of the activation energy 
for the denaturation of EF-TKhl. 
Determination of the Binding  Constant for GDP-EF-Tu,hl (0.63 
pg), which  was 38% active in GDP binding (9), was incubated for 10 
min at 0 "C in buffer containing 30 mM NH,CI, 15 mM HEPES-KOH 
(pH 7.6), 0.1 mM EDTA, 6% glycerol, 10 mM MgCI,, and varying 
levels of GDP (0-250 pM),  The samples (15 &I) were placed at 37 "C 
for 90 min, 40 "C for 20 min, 43 "C for 10 min, or 45 "C for 10 min, 
and  then assayed at 37 "C for activity in polymerization. 
Incubation of  EF-TUchl with limiting amounts of GDP results in a 
mixture of EF-TQhl.  GDP  and free EF-TuChl. Free EF-TkhI is inacti- 
vated at elevated temperatures while the  EF-TQhl.GDP complex is 
stable. By determining the amount of active EF-TuChl remaining, the 
ratio of free to complexed  EF-Tu,,, can be calculated, thereby allowing 
determination of the KA for complex formation. This approach is 
depicted in the following  model: 
EF-TQhl + GDP kz - EF-TQ,,.GDP 
k-z [k, 
inactive EF-TuChl  inactive EF-Tkhl 
Assuming that  the binding reaction is bimolecular and  that  there 
is one GDP bound per EF-TQ~, molecule, the  apparent association 
constant can be determined from the following expression: 
where [EF-Tk,,], is the concentration of free EF-Tu,,,, [GDP], is the 
concentration of uncomplexed GDP, and [EF-Tuchl. GDP] is the 
concentration of the complex. The [EF-TUc,,. GDP] was determined 
from the initial  amount of EF-Tuchl added and  the fraction of activity 
remaining after the heat  inactivation  step. The [EF-Tuchl], was deter- 
mined by the difference between the initial  amount of EF-Tu,,, added 
and  the amount found to be in the complex. The [GDP]!  was deter- 
mined by the difference between the initial  amount of GDP added 
and  the amount of the  EF-Tuchl.GDP complex. 
The determination of K,, using the model described above is based 
on the following assumptions. 1) All EF-TuChl in the complex with 
GDP is active in polymerization following the heat inactivation step. 
This assumption was verified for each reaction condition by showing 
that 100% of the  EF-TGhl activity remained when saturating levels 
of GDP were used (data not shown). Thus, kS can be considered 
negligible. 2) The  rate of complex dissociation (k-J is very low (less 
than 5% of the total complex formed). This idea  was tested experi- 
mentally by examining the time course for EF-Tu.,, inactivation at 
limiting concentrations of GDP. In all cases EF-Tuchl inactivation 
followed first-order kinetics, suggesting that a single inactivation 
event was occurring. If significant complex dissociation were occur- 
ring, we would expect a more complicated (biphasic) inactivation 
profile. The dissociation rate constant ( k - 2 )  has been determined 
directly for E. coli EF-Tu.  GDP (15) and is very small. 3) All free EF- 
T & h l  must become inactivated during the course of the incubation. 
This assumption was  verified by showing that in the absence of GDP 
no EF-Tu,hl activity remained at  the end of each incubation. The 
incubation times were chosen because they resulted in the inactiva- 
tion of all the free EF-Tuchl  but caused no inactivation of the  EF- 
T&hl.GDP complex, thus satisfying assumptions 1 and 3. 
RESULTS AND DISCUSSION 
Effect of GTP and GDP on the Stability of EF-TuCh,-Unlike 
E. coli EF-Tu,  EF-TuChl  can be isolated in  the absence of GDP 
and is stable at 4 "C in  the absence of guanine nucleotides 
(4). The effect of guanine nucleotides on  the  structure of EF- 
Tuchl was investigated by testing their ability to affect the 
stability of EF-TuChl a t  elevated temperatures.  EF-Tuchl  alone 
is 50% inactivated  in less than 5 min at  37 "C. In  contrast, 
EF-TuChl remains 100% active for at least 90 min at this 
temperature  in  the  presence of saturating levels of GDP or 
GTP (data not shown).  Some insight into the degree of 
stabilization conferred by the presence of GTP or  GDP  can 
be gained by examining the difference in the temperature 
required  for heat  inactivation of EF-Tuchl  in  the presence and 
absence of saturating levels of guanine nucleotides. As indi- 
cated  in Fig. 1, free EF-TuChl displays  a Tlh of 33 "C where Tlh 
corresponds  to  the  temperature r quired  for 50% inactivation 
of this  factor  as measured in  the polymerization  assay. Both 
GDP  and  GTP were found  to  notably increase the  stability 
of EF-TuChl a t  elevated temperatures.  The T,,* value  for heat 
inactivation  increased  to 51 "C when EF-Tuchl was complexed 
to  GTP  and  to 55 "C when it was complexed to  GDP. 
The  temperature dependence of the  heat  inactivation  proc- 
ess  can  be used to  calculate  the  amount of energy  required to 
destabilize the  protein  structure, Le. the  activation energy  for 
FIG. 1. Thermal inactivation of EF-Tu.,, in the presence and 
absence of guanine nucleotides. EF-Tuehl was incubated for 10 
min at  the indicated temperatures alone (O), in the presence of GDP 
(A), or with GTP (m)  as described under "Experimental Procedures." 
Aliquots were subsequently tested for activity in polymerization. 
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the denaturation process (see "Experimental Procedures"). 
As indicated  in  Table I, the  activation energy  involved in  the 
thermal  denaturation of free EF-TuChl  is 32 kcal/mol.  How- 
ever, with  the  addition of guanine nucleotides the  activation 
energy  for thermal  denaturation of EF-TuChl  is  increased  to 
109  kcal/mol in  the  presence of GDP  and  to 83 kcal/mol in 
the presence of GTP. Thus, GDP confers a stabilization 
energy, AEA, of  77 kcal/mol and  GTP confers a stabilization 
energy of 51 kcal/mol. 
The  results described  above indicate  that  the  structure of 
E. gracilis chloroplast  EF-Tu, like that of E. coli EF-Tu  and 
the E. coli protein synthesis factor initiation factor 2, is 
significantly  stabilized by GDP  and  GTP at elevated temper- 
atures (16-18). Studies of the  stability of thermophilic  pro- 
teins  indicate  that  their  increased  stability  is achieved by the 
formation of a few additional hydrogen bonds  and  salt bridges 
(19,ZO). As the  number of electrostatic  interactions increases, 
the  structure of the  protein becomes more rigid and  the  active 
conformation  can  be  retained  better at elevated temperatures. 
Additional studies have indicated  that  the  stability of a pro- 
tein  is a measure of the  compactness of the  protein  structure 
(21). Binding of GDP  and Mg2+ to  EF-TQhl probably increases 
the number of electrostatic and hydrophobic interactions 
resulting  in a more compact  and rigid structure  and  stabilizing 
the  active  conformation.  In  addition, nucleotide binding could 
prevent  the  entrance of the  water molecules required to  ini- 
tiate  the  deamidation or &elimination processes  which con- 
tribute  to  the irreversible thermal  inactivation of proteins (22, 
23). 
The  ability of heat-treated  EF-TQhl  to  bind  GDP was tested 
using gel filtration  chromatography (9). This  approach  indi- 
cated  that  heat-treated  EF-TuChl  cannot  bind  GDP  (data  not 
shown). The loss of GDP  binding  activity  correlated  with  the 
loss of its  ability  to  function  in polypeptide polymerization 
(data not shown). Heat inactivation of EF-TQhl does not 
result  from hydrolysis of the  peptide backbone as  indicated 
by analysis on denaturing gels (data  not  shown). 
Determination of the Equilibrium Constant  for GDP Binding 
to EF-Tu,,,-We have  developed  a method  to  determine  the 
equilibrium constant  that governs the  interaction of  EF"I'u,h1 
and GDP at several temperatures (Table 11). This method 
takes  advantage of the  different  heat  stabilities of free EF- 
Tuch,  and of the  EF-Tu,,-GDP complex and  is described in 
detail  under  "Experimental Procedures." The average  disso- 
ciation  constant  determined at 37 "C (1.3 X M) is ap- 
proximately %fold lower than  that previously determined for 
TABLE I 
Activation energy for heat inactivation of EF-TU~U 
nucleotide 
Guanine Average EA a* 
kcallno1 
32 
GDP 109 77 
GTP 83 51 
TABLE I1
Equilibrium constants for EF-Tu,u.GDP complex 
Each equilibrium constant is an average of several experimental 
determinations. 
Temperature Average K., Average KD 
"C M' M 
37 7.89 X lo6 1.27 X 
40 2.73 X lo6 3.66 X 10-7 
43 1.40 X IO6 7.14 x 10-7  
45 5.90 X 105 1.70 X 
the  chloroplast  factor using gel filtration  chromatography (9). 
The value of the dissociation constant was quite  sensitive  to 
temperature  and  increased more than 10-fold as  the  temper- 
ature was raised  from 37 to 45 "C. The equilibrium constant 
for  dissociation of the EF"I'uchl. GDP complex appears  to be 
far more temperature  sensitive  than  that observed with E. 
coli EF-Tu (10, 24). Dissociation constants for the EF-TQ,, . 
GDP were also determined at  24 and 4 "C using the gel 
filtration  method described  previously  (9). These values were 
found  to be about 5 X lo-' M at 24 "C  and less than 4 X 
M at 4 "C and  are  similar  to  the values that  have been obtained 
for the dissociation constants of the E. coli EF-Tu. GDP 
complex a t  comparable temperatures. 
The  thermodynamic  parameters  that govern the  interaction 
of EF-Tuchl  and  GDP  can be determined from the  temperature 
dependence of the equilibrium constant. A van't Hoff plot of 
h& uersus 103/T (Fig. 2) allowed the calculation of a stand- 
ard  enthalpy  change (eo& of -55 kcal/mol and a standard 
entropy  change (AsoOhsd) of -146 cal/(mol deg) for complex 
formation (Table 111). The  standard free energy change for 
this  reaction  is -9.8 kcal/mol at  37 "C. Thus,  the  formation 
of the  EF-TQhI.  GDP complex is energetically  favorable. The 
interaction  is  driven by the favorable enthalpy change  which 
dominates over the unfavorable change  in  entropy  (Table 111). 
The entropy and enthalpy changes observed upon guanine 
nucleotide binding have been determined for a number of 
proteins. As indicated  in  Table 111, there  are major  differences 
in  both  the  magnitude  and sign of the changes  in enthalpy 
and entropy associated with guanine nucleotide binding to 
various factors. All  of the proteins have a negative AlT 
associated  with complex formation  and  all of them except E. 
coli EF-Tu show an unfavorable AS" upon  nucleotide  binding. 
Chloroplast  EF-Tu shows the  largest negative AlT for GDP 
binding. This large enthalpy  change suggests that  many more 
interactions (van der Waal's, H bonds, and dipole interac- 
tions)  are formed than  are  broken due to complex formation 
resulting in a more compact and thus more stable protein 
structure. I t  is  the  enthalpic  contribution  to  the free  energy 
change  that  makes  GDP  binding  to  EF-TuChl favorable. EF- 
Tuchl also shows the most unfavorable AS". The relatively 
large,  negative ASo suggests that  there may be a large, unfa- 
vorable  reorganization of the solvent or protein asssociated 
with complex formation.  This unfavorable AS" may also result 
from the  trapping of water molecules and  their use to bridge 
I /o I I /  I I 1 I I 1 
3.12 3.14 3.16 3.18 3.20 3.22 3.24 
1 0 ~ 1 ~  (OK") 
FIG. 2. van% Hoff  plot of temperature effects on KA. The line 
was obtained using linear least square analysis. Association constant 
values were taken from Table 11. 
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TABLE I11 
Thermodynamic parameters governing complex formation 
Protein Ligand mooob.d as D o b d  AGoobd 31 "C Reference 
kcal mol" cal mol" K" kcal mol" 
EF-TuI  GDP -55 - 146 -9.7 This paper 
E. coli EF-Tu  GDP -4.0  +28.0 -12.7  24 
GTP -3.7  +14.7 -8.3 24 
GTP -2.4  -7.7 0 32 
E.  coli initiation  factor 2 GDP -9.4 -8.8 -6.7 33 
GTP -11.3 -20.3 -5.0 33 
E. coli EF-G GDP -23.8  -59.2  -5.4  32 
interactions between the protein  and the bound GDP or Mg2+ 
(25). 
Trypsin Sensitivity of EF-TuChl-E. coli EF-Tu  is very sen- 
sitive to trypsin cleavage between residues 45 and 58 which 
are  thought to be present  in  a loop structure projecting from 
the GDP-binding domain of the protein (26). Trypsin  treat- 
ment of E. coli or Bacillus stearothermophilus EF-Tu results 
in  the formation of a relatively trypsin-resistant core (Mr = 
35,000-39,000) and of a smaller fragment (M,  = 3,000-7,000) 
(27, 28). We have examined EF-TuChl for the presence of a 
similar trypsin-sensitive structure. Treatment of EF-TGhl 
with trypsin at 0 "C results  in cleavage of the molecule into  a 
relatively trypsin-resistant core having a M, of approximately 
45,000, about 5,000 less than  that of the  intact molecule as 
measured by denaturing gel electrophoresis (data  not shown). 
This observation indicates that EF-TQhI has  a domain struc- 
ture similar to  that of E. coli EF-Tu.  In some samples it is 
also possible to see small amounts of an intermediate molec- 
ular weight form corresponding to loss of a fragment of 
approximately 2,000. A similar observation has been seen 
with E. coli EF-Tu (28). E. coli EF-Tu and EF-Tuchl have 
similar sequences in the loop area sensitive to trypsin  and the 
initial cleavage probably occurs at one of three possible cleav- 
age sites  in  this region. 
The accessibility of the trypsin-sensitive loop has been used 
as  a probe for conformational changes of EF-Tuchl resulting 
from ligand interactions. GTP provides a significant degree 
of protection against trypsin cleavage of this region and 2-3- 
fold higher concentrations of trypsin  are required to cleave 
this factor in the presence of GTP (data  not shown). Bound 
GDP, on the other hand, provides little or no protection 
against  trypsin cleavage (data  not shown). The observation 
that GTP provides more protection from trypsin cleavage 
than does GDP suggests that  the susceptible region  may  be 
folded into  a more compact, less exposed structure in the  EF- 
T&hl.GTP complex. In  contrast,  the E. coli factor is  cleaved 
more quickly when complexed with GTP  than with GDP (11). 
As mentioned in the Introduction, the antibiotic kirromycin 
interacts with EF-TGh1, causing a conformational change in 
the protein  and  enhancing the binding of GTP  to  this factor. 
Kirromycin also provides a significant degree of protection 
against trypsin cleavage of this region (data not shown). 
However, the amount of protection provided by kirromycin is 
noticeably less than  that provided by GTP.  The differences 
in protection provided by kirromycin and  GTP  are in agree- 
ment with the observation that  this antibiotic does not put 
EF-Tah1  into a  GTP-like conformation (9). In  addition,  kir- 
romycin, unlike GTP, does not protect EF-Tuehl from heat 
inactivation (data  not shown). 
The ability of the trypsin-resistant core  of EF-TuCh, to bind 
GDP was examined. Trypsin-cleaved EF-Tkhl retained the 
ability to bind  GDP  (data  not shown). A similar observation 
has been  made with the E. coli factor (26, 27, 29, 30). EF-Tu- 
catalyzed activity in poly(U)-directed polymerization was as- 
sociated only with the  intact factor and  a good correlation 
was found between the activity remaining in polymerization 
after trypsin treatment and the amount of intact EF-TuChL 
remaining (data  not shown). The observation that activity in 
polymerization is associated only with the intact molecule 
suggests that  the region  cleaved  by  mild trypsin  treatment is 
involved in stabilizing the interaction between EF-TuChl  and 
AA-tRNA, and  its cleavage results in a  dramatic decrease in 
the binding constant between EF-TuChl  and AA-tRNA (31). 
More detailed studies of the  interaction between EF"I'uChl and 
AA-tRNA are currently under way. 
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